The increase of summer temperatures and a prolonged growing season increase the potential for agricultural land use for subarctic agriculture. Nevertheless, land use at borderline ecotones is influenced by more factors than temperature and the length of the growing season, for example soil quality, as the increasing lengths of dry periods during vegetation season can diminish land use potential. Hence, this study focuses on the quality of the soil resource as possible limiting factor for land use intensification in southern Greenland. Physical and chemical soil properties of cultivated grasslands, reference sites and semi-natural birch and grassland sites were examined to develop a soil quality index and to identify the suitability of soils for a sustainable intensification and expansion of the agriculture. The study revealed that soils in the study area are generally characterized by a low effective cation exchange capacity (CEC eff ) (3.7 ± 5.0 meq 100 g −1 ), low pH CaCl 2 (4.6 ± 0.4) and low clay and silt content (3.0 ± 1.0% and 38.2 ± 4.7%, respectively). Due to the high amount of coarse fraction (59.1 ± 5.8%) and the low amount of soil nutrients, an increasing threat of dry spells for soils and yield could be identified. Further, future land use intensification and expansion bears a high risk for concomitant effects, namely further soil acidification, nutrient leaching and soil degradation processes. However, results of the soil quality index also indicate that sites which were already used by the Norseman (980s-1450) show the best suitability for agricultural use. Thus, these areas offer a possibility to expand agricultural land use in southern Greenland.
Introduction
Agriculture in subarctic latitudes is characterized by a cool and short growing season. Thus, the agricultural use consists mostly of cool season forage and vegetable crops, small grains, raising cattle, sheep, goats, pigs and poultry, as well as reindeer herding [1] . Consequently, agriculture in these areas is of a relatively small economic relevance. Nevertheless, climate change is projected to improve the potential of growing forage crops and thus raising animals [1] .
Since 1960, the rate of warming in northern latitudes has been two to three times higher than the global average [1] and future climate change is expected to be more pronounced than in other regions [1] . For southern Greenland, climate models predict a temperature increase of 3-6 • C for the next 100 years [1] . The Danish Meteorological Institute (DMI) modeled a lengthening of the growing season of approximately two months until 2100 [2] . Despite the ecological restrictions, Greenlandic agriculture has already experienced an enormous intensification during the last decades, e.g., by tillage Westegaard-Nielsen et al. [21] modeled the potential aboveground biomass production for sheep farming in southern Greenland until 2100 based on predicted climate change. Their results indicate an increase of biomass, suitable for increasing livestock breeding. However, the modeled increase in future biomass production is based on using air temperatures only. The authors stress that soil nutrients and plant available water are two main components that need to be included in precise assessments of future plant growth. Thus, the question arises whether the increase of temperature and the prolonged growing season actually contribute to the expansion of farming. Furthermore, climate change does not necessarily imply steadily increasing temperatures and length of growing season. On the contrary, variability in temperature, but also in precipitation patterns, for example an increased length of summer dry spells, have to be considered [2] .
Finally, agriculture in the pristine landscape of southern Greenland is not without consequences for ecosystem stability [4] . Unsustainable land use can affect ecosystem functions in several ways, as for example soil degradation by loss of organic matter, salinization, compaction, structural destruction, sealing, contamination or acidification [22] . Consequently, inappropriate land use can compromise the maintenance of further productivity [22] . According to Doran and Parkin [23] , soil quality assessment is therefore essential to determine the sustainability of land management systems in the near and distant future. The definition of soil quality and thus the suitability of soils for sustainable agricultural use has long been a challenging issue, since soils are highly variable in properties, characteristics and functions [22, 23] . To define the capacity of soil systems for a sustainable intensification and for preventing concomitant effects of agricultural use, indicators for soil quality are needed [24] . Indicators should designate the resilience of soil against physical, chemical and biological disturbances [24] and thus provide information about the ability of the soil to provide essential environmental services [22] . They should be easy to measure and provide evident information on ecosystem functioning and productivity [22] . Thus, soil quality indicators should not only identify the condition of the soil resource, but also define the economic and environmental sustainability of land management practices [25] .
The main goal of this study is to answer the question whether the proposed intensification of agricultural use following climate warming in southern Greenland is possible and sustainable considering the soil resources. Specifically, the study will examine the hypothesis whether plant available nutrients and plant available water limit the potential for a sustainable intensification and expansion of agriculture in southern Greenland. To achieve this aim, the study will examine the impact of agriculture on soil and landscape ecology by identifying concomitant effects on the soil resource. A key outcome is the identification of areas which are most suitable for a sustainable land use intensification and expansion based on an integrated soil quality index (SQI).
Material and Methods

Study Area
The study on the potential for land use expansion and intensification in southern Greenland took place in the area of Igaliku (60 • 59 27 N, 45 • 25 9 W) between the head of Igalikup Kangerlua (Einar's Fjord) and Tunulliarfik fjord (Erik's Fjord) (Figure 1 ). The study area was chosen due to its long land use history, its good accessibility and due to existing contacts to local farmers. The study area is one of 15 regions in southern Greenland where sheep farming is practiced. Hay making area, as well as sheep number in the study region account to approximately 10% of the total area and sheep number in southern Greenland. Due to its location in the inner fjords, the region is climatically more favorable than other regions; however, precipitation during vegetation period can be scarce compared to other regions [26] . In addition, soils conditions on selected protected areas of the inner fjords show to be more favorable for agricultural use than in the outer fjords and less protected areas [3] . Study area and hay making fields in the area (114 ha), fields were grouped according to the farmer managing the areas and its allocation. Farm 6 (27 ha) did not participate in the study, however it is still shown in the figure as it represents almost a fourth of the total hay making area, and as its vicinity to Lake Igaliku poses a severe risk for the eutrophication of the water body.
Geologically, the Ketilidian basement, which was formed 1850-1725 million years ago, consists of granitic rocks of the Julianehåb batholith, which is partly overlain by Gardar sandstone sediments and lavas with outcrops of basaltic magmas and the intrusion of early dyke swarms [27] . Mean annual precipitation for the climatological standard normal 1961-1990 at closest meteorological station in Narsarsuaq is 615 mm. Mean annual temperature is 0.9 • , with means of 10.3 • C in July and −6.8 • C in January [28] . The climate is thus subarctic because the mean temperature of the warmest month is above 10 • C [29] . On average, the number of growing days (≥5 • C) in Narsarsuaq was 138 days during the standard period . The mean number of growing days increased to 146 days for the period 1991 to 2010. The occurrence of dry winds from the Icecap called foehn [26] , as well as the high variability in summer precipitation [2, 26] can cause prolonged dry periods during vegetation period [2, 26] . According to the Greenlandic Agricultural Consulting Service [3] , both prolonged dry periods and increasing number of intensive rainfall events have been observed during the last decade.
Vegetation is characterized by local willow and birch copses at lower elevations. On less protected areas dwarf-shrub willow heath (Salix glauca) and an understorey of herbs as clustered lady's mantle (Alchemilla glomerulans) can be found [29] . Above the altitudinal limit of willow heath, depending more on microclimatic and soil conditions than on defined altitudes, vegetation is characterized by wind exposed, largely open fjell fields. Species include dispersed and low growing patches of lichens, dwarf shrubs like arctic willow (Salix arctica) and common juniper (Juniperus communis), and grasses, such as wood-rush (Luzula confusa) and moss campion (Silene acaulis) [29, 30] . Natural grassland slopes are dominated by different species (Anthoxanthum odoratum, Deschampsia flexuosa and subordinated Alchemilla alpina), moist fens with sedges and different species of peat mosses (Carex rariflora, Eriophorum scheuchzeri, and Sphagnum sp.) are frequent but cover limited area due to topography [29, 30] . Furthermore, cultivated grassland can be found. According to Daniëls [31] , vegetation of cultivated hay fields and pastures in southern Greenland most likely belongs to the class of Molinio-Arrhenatheretea, a.o. red fescue (Festuca rubra), common sorrel (Rumex acetosa), dandelion (Taraxacum officinale) and meadow buttercup (Ranunculus acris). The weed vegetation of arable fields around Igaliku consists mainly of seedmixes with high amount of timothy grass (Phleum pratense). Daniëls [31] concludes, that vegetation communities on farmed land in southern Greenland mainly correspond to the typical communities for the European cultural landscapes.
Soils in southern Greenland are generally described as acidic with low amount of nutrients and limited capacity to store water [3] . However, on protected areas in the inner fjords, brown earth can be found [3] . According to Feilberg [29] , generally Brown earth and Podzols occur in densely vegetated areas, while shallow Syrosems and Rankers developed where vegetation is scattered or constitutes just a continuous cover.
Igaliku has long been recognized as the historic site of Gardar, the seat of the bishop of the Norse settlements in Greenland during the Middle Ages (986 to 1450) and has already experienced intensive agricultural use during this period [4, 32, 33] . The current settlement of Igaliku has been established in 1782 by the Norwegian colonist Anders Olsen, whose family subsisted on few domestic cattle and sheep [32] . Population ranged between 35 and 50 inhabitants during the last 20 years [34] . In 2011, 2100 sheep were kept at five farms in and around Igaliku [34] . For winter fodder production, a total area of about 115 ha was managed by the five farmers [3] . The areas used for hay production are common land, but assigned for management to individual farmers. They are located at a relatively low elevation (max. 75 m a.s.l., mean 28 m a.s.l.) between hills reaching 300 m a.s.l. and surrounded by mountains with elevation of up to 1800 m a.s.l.
Sampling Setup
To assess the potential of agricultural intensification and expansion, as well as the impact of land use, chemical and physical soil parameters of agricultural fields around Igaliku, were sampled. In total, 87 ha of agricultural land, farmed by four participating farmers, was studied ( Figure 1 ). In 2013, the participating famers kept 1400 mother sheep, which are fed through the winter. The fields of Farms 3 and 4 are managed by the same farmer, but the fields of Farm 4 are allocated more south. For each Farm, 1-2 reference sites (9 in total) were sampled next to a representative agricultural field (in the following called agricultural reference sites). Furthermore, seven birch areas and six grassland areas in the northeast of the study site were sampled as additional reference sites (Figure 1 ). These areas represent the natural vegetation associations at the subarctic ecotone border [29] . However, sites were characterized as semi-natural as there is evidence for pastoral activities. The characteristics of the sampling sites are summarized in Table 1 . 
Soil Sampling and Analysis
Sampling on the agricultural fields was performed on the resolution of field size according to the map of agricultural fields provided by the Agricultural Consulting Service in Qaqortoq ( Figure 1 ). The fields were selected to ensure that all variabilities in topographic parameters and crops were represented. Sampling took place within or shortly after the yearly harvest at the end of July 2014. Soil samples were taken on 44 agricultural fields as composite sample of 15 to 25 cores, which were randomly taken all across the field by a hand auger reaching rooting depths of 30 cm. On reference sites, soils were predominantly very shallow and reached only around 30 cm. Same sampling depth for all the soils was chosen to compare the results. Additionally, three soil samples were taken by a metal cylindrical core of 100 cm 3 volume and 5 cm length at 12-17 cm on each field to determine soil bulk density and coarse fraction. Reference sites were sampled likewise within a 10 m × 10 m area (see Table 1 ).
Soil analysis results refer to concentration per area using the volumetric basis calculated by bulk density of the fine earth fraction <2 mm and investigated soil depth. Precise information on the soil processing and analysis, as well as the reasons for parameter selection is given in Table 2 . To extrapolate the measurements of the 44 agricultural fields to the surrounding fields, the topographic parameters (angle, orientation, position and form of the slope), parent material and crop were mapped according to the FAO Guidelines for soil description [35] for all sampling sites and on further 76 agricultural fields. Soil quality of the agricultural fields was evaluated considering single indicating parameters as well as using an overall soil quality index (SQI). Table 2 . Measured soil properties, its significance as soil quality indicator and applied analysis methods.
Parameter
Significance As Index for Soil Fertility Analytical Method for Data Determination C org (%) Index for soil fertility and soil structure. Increases the CEC and the water-holding capacity [36] , thus prevents nutrient leaching.
Sieved (<2 mm), ball-milled, total carbon content was determined by the dry combustion technique Leco CN 628 Elemental Determinator, (C tot was set as C org as there was no evidence for inorganic carbon) Addresses potential hazards posed by sodium soils, as for example a decrease in permeability, soil dispersion, poor water infiltration, and possible sodium toxicity to plants [40] .
Base saturation (BS) (%) Indicates whether a soil should be limed or not [41] .
Indicates mineralization/immobilization of soil nitrogen [42] .
Sieved to 2 mm, ball-milled, the organic carbon content was determined by the dry combustion technique by Leco CN 628 Elemental Determinator; Ratio C/N Bulk density (BD) < 2 mm (g cm −3 ) Index for plant rooting, porosity and soil organisms [43] .
Undisturbed soil cores 100 cm 3 , air dried, sieved to 2 mm; BD = weight dried fine earth/cylinder volume Volume > 2 mm was measured by water replacement of the material > 2 mm, volume < 2 mm was calculated by total volume of the cylinder minus the volume > 2 mm CF (Vol%) Index for water and nutrient retention potential [40] . CF = Vol > 2mm/(Vol > 2 mm + Vol < 2 mm) Texture (%) Index for retention and transport of water and chemicals [36] . Treatment with H 2 O 2 (15%) to exclude organic material, Mastersizer 2000 (Malvern, Germany)
Soil Quality Index (SQI)
To identify the most significant variables to calculate the soil quality index (SQI) that best represents the soil functions associated with sustainable land use intensification, a minimum dataset (MDS) of parameters is needed to avoid redundancies of the parameters [44] . According to a review by Zornoza et al. [22] , the most common parameters used to calculate an index for soil quality were pH, electric conductivity (EC), soil organic carbon (C org ), total nitrogen (N tot ) and available P. Other indicators such as nitrate (NO 3 − -N), ammonium (NH 4 + -N), exchangeable cations (Na ex , K ex , Ca ex , Mg ex ), bulk density (BD), texture and available water content have, according to Zornoza et al. [22] , also been used by various authors. The MDS used to calculate the SQI in this study was selected using principal component analysis (PCA). PCA is a way to reduce the dimensionality of a data-set while limiting the loss of information [44] . The PCA for the presented study was performed on the analyzed 16 chemical and physical soil parameters, using SPSS statistic package (IBM 24.0). The mineralized Nitrogen (N min -N) was not included, because values of N min -N cannot be used as soil quality index for crop growth for the following growing period. The reduction of the number of components was obtained using the eigenvalue-one criterion; only PCA's with an eigenvalue >1 [45] , that explained at least 5% of the total variance and had loadings <0.4 [46] were selected. The PCA output is summarized in Table 3 . To avoid inter-related variables among the indicators in one PCA, that could have remained within the variables explaining the 5% in the total variance, correlation among the indicators was examined [47] . Variables were determined as redundant if the correlation coefficients in between the variable of the PCA were higher than R 2 = 0.65; given the case, the higher ranked variable was kept in the MDS. The SQI is used for synthesizing the information of the measured indicators based on scoring different soil indicators to estimate the agricultural suitability of the sampled area. Measured values are transformed into unit-less values, so that scores may be combined to form a single value. Thus, the selected parameters were subdivided into different groups to assign different functions representing the best soil functionality of the parameter (Table 3 ). The groups are: (i) the more the better; (ii) the less the better; and (iii) optimal value. The data for the chosen parameters were ranked by linear scoring technique [43, 51] . All the values of one variable were ranked with a score ranging from 0 to 1 applying the three functions. If the best soil functionality was associated with high values, highest score was given for the highest value, if best soil functionality was associated with low values, the highest score was given for the lowest value, remaining values were scored based on their percentage of the highest value. If the best soil functionality was associated with an optimal value highest score was given for the value closest to the optimal value. After ranking, SQI was calculated by summing scores of each indicator and dividing the result by the total number of indicators [43, 52] . Ranking of available P was performed using the data not based on volumetric recalculation, but on measured concentrations to apply the classification system developed by Agroscope for the Swiss agricultural research agency [49] , which also takes into account humus and clay content of the sample. The nutrients classification of Agroscope was chosen because it is also applicable to alpine soils, whose development is comparable to southern Greenlandic soils. As thresholds depend on geographic regions, the soil quality index can only be used locally to compare the quality differences within the fields of different farmers, differences to agricultural reference sites, semi-natural birch areas and grasslands. Visual classification of the scores was performed by geometrical intervals (ArcGIS 10.2).
Results and Discussion
Suitability of the Sampled Fields for Agricultural Use
The major concern for the intensification and expansion of agricultural use can be identified in the low nutrient status of the soils ( Table 4 ). The sandy texture (Table 5 ) and the acidic parent material of the soils (Table 4 ) limit nutrient retention, thus soils cannot buffer natural and management induced pH changes, which leads to further nutrient leaching and a further decrease of the pH-value. A low pH affects plant availability of macronutrients, especially P, Ca and Mg, but also K and N [50] . The process of nutrient leaching due to acid soil conditions is also indicated by the significant lower Ca and Mg levels on agricultural sites compared to the semi-natural reference sites ( Table 4 ). The unsuitable nutrient status is also shown by the low effective cation exchange capacity (CEC eff ) and the low base saturation (BS) ( Table 4) , both indicating a low nutrient saturation. The analysis of CEC eff revealed very low values on Farms 1, 2 and 5, as well as on the semi-natural birch and grass sites. Farms 3 and 4 showed a median CEC eff of 12.4% and 6.5%, respectively. However, on Farm 4, the exchangeable sodium percentage (ESP), expressed in Na ex , contributed with median 11.5% to the CEC eff , while on Farm 3, 6.2% of the CEC eff derived from Na-cations. According to Scheffer et al. [39] , the percentage of Na ex on the CEC eff on slightly acidic soils in humid climate normally accounts to only <2%. Thus, the measured Na ex on Farms 3 and 4 show overproportional percentages on CEC eff . However, excluding Na ex -cations for the CEC eff calculation, the CEC eff was still significantly higher on Farms 3 and 4 than on the remaining farms.
According to the nutrient classification of Swiss Agroscope [49] , the amount of P (Table 4) is particularly poor for most of the sampled sites, illustrating that P represents a limiting factor. K levels (Table 4) showed generally a higher nutrient status, and all agricultural fields were classified as "sufficient", "stocked" and "enriched", except for Farm 5 where only 20% of the fields showed "sufficient" K concentrations. No significant K differences were found between the reference and farmed sites. Comparing the autumn nutrient status (P 2 O 5 , K 2 O) to the economically optimal nutrient range for seeded grasslands, i.e., yield compared to the need of fertilizer application [53] , we can conclude that only the fields of Farm 3 have an economically feasible nutrient condition (Figure 2) .
A possibility to adapt land use to the unsuitable soil conditions could also be reached by cultivating plant species which are more adapted to the soil conditions. The Agricultural Consulting Service is currently running experiments with various perennial types of grasses for the production of hay and silage [3] . The second major concern for land use intensification is related to climate variability and can be found in reduced plant available water. Due to mostly sandy texture (Table 5 ) of the soils, with insignificant amounts of clay (Table 5) , and due to the high coarse fraction in some soils (Table 5) , the water holding capacity is generally low. Archeological evidence of irrigation channels in Igaliku illustrates that the Norseman faced the challenge of limited water availability already [32, 54] . The risk of dry soils for agricultural production is also mentioned by Christensen [55] who also pointed out that agricultural use should concentrate on moist depression zones not prone to drought during periods without rain. According to the Agricultural Consulting Service [3] , the high variability of annual weather conditions, including the lack of rainfall during the growing season, represents a major concern for expanding agriculture. Water availability during growing season (May-September) is already very limited because only approximately half of the mean annual rainfall of 615 mm at Narsarsuaq station falls during the growing season [28] . According to Hansen [26] , precipitation in the inner fjords can be as low as 110 mm during the growing season in dry years. Katabatic dry winds emanating from the ice cap are a characteristic of the region and can persist for many days [56] . The dry winds result in an evapotranspiration of up to 16 mm day −1 and can lead to drought stress for the vegetation [26] . Adderley and Simpson [56] modeled soil chemical, physical and soil-water hydraulic properties for two study sites near the eastern settlement, in Qassiarsuk and Tasersuaq about 20 km northwest of Igaliku and concluded that there is a frequent requirement for irrigation, both currently and during the Norse settlement period. Recent press communications underline the threat of droughts. In 2008, for example, the 50% reduction in yield of hay and silage for sheep husbandry caused by the drought in southern Greenland was seen as a national problem [57] , severe yield reduction due to dry summers continued in the years 2010, 2011, 2012 and 2015 [18, 58, 59] . The threat of dry growing seasons for fodder availability can even be more pronounced in the future as the Danish Meteorological Institute (DMI) modeled an increase in the lengths of dry periods (consecutive days with less than 1 mm precipitation) during the vegetation period [2] . According to the DMI, dry periods will last up to 10 days longer until 2081-2100 compared to the period 1991-2010 with its longest dry period of 20 days [2] . Another risk related to climate variability could be found in the high discrepancies of summer precipitation in southern Greenland from year to year but also within one summer [2] . As not only the length of dry periods but also the total amount of summer precipitation is expected to increase for 10% until 2081-2100 compared to the period 1991-2010 [2] , this would infer heavier rainfall events. Considering the poor nutrient retention potential of the soils, such events would impose a high risk of nutrient leaching.
Impact of the Agricultural Use on Soil and Landscape Ecology
The comparison between farmed areas and reference sites already revealed that agriculturally-used areas show a significantly lower pH (CaCl 2 ) compared to the reference sites (Table 4) . Even though comparability of the values on farm level is limited, due to the low amount of reference sites for the single farms, a trend in the decrease of pH of the already acidic soils is still visible. The efficiency of applied fertilizers decreases with decreasing pH [60] , highlighting another limitation of the soils for farming. The low pH (CaCl 2 ) on the studied agricultural fields indicates high nutrient leaching, and thus waste of approximately 50 to 70% of the applied fertilizer [60] . The N min -N values after harvesting (Table 4 ) confirm the risk of nitrate leaching. Due to percolating water during autumn rainfalls, autumn N min -N soil values typically leach up to 100% on sandy soils and 30-70% on more cohesive soils [61] . Thus, N min -N after harvesting should not exceed 30 kg ha −1 [62] to prevent water bodies from eutrophication. Information on the amount of fertilizer added on the fields was not available, however the high N min -N values after harvesting, especially on Farms 1 and 5, indicate an inappropriate use of fertilizers (Figure 3) . Confirming the leaching, a nutrient enrichment in the nearby Lake Igaliku (see Figure 1 ) has recently been identified by Belle et al. [63] . The study concludes that Lake Igaliku is in a worrying ecological state because of the disturbed nitrogen cycle, a loss of littoral biodiversity, and alterations of its trophic functioning [63] . The inappropriate use of fertilizer, especially if the fertilizer is not directly taken up by the plants, can increase the amount of H + and thus lead to further leaching of nutrients [48] . Especially ammonium based fertilizers are known to affect soil pH by increasing soil acidity as the process of converting ammonium to nitrate in the soil (nitrification) releases H + [48] . The high amount of H + is thereby indicated by the very low base saturation (BS) on the sampled agricultural fields of Farms 1, 2 and 5 compared to the agricultural reference sites. Krøjer [64] as well as Høegh et al. [19] advise a more careful use of artificial fertilizers in the region, to prevent nutrient leaching and soil acidification. Soil acidification affects several soil processes, for example a lowered buffering capacity leading to further decrease in pH and more nutrient leaching. The hampered decomposition of litter leads to poor soil structure, root growth and microbial activity [65] , which potentially reduces pore volume and water retention capacity. A reduced pore volume is also shown by higher bulk density values, which was found on Farms 1 and 5 ( Table 5) .
As described above, plant water availability will be a crucial parameter for agricultural use in the future, as the lengths and frequency of dry periods will increase [2] . Besides the given soil conditions and the already mentioned management induced processes which can negatively affect plant available water, a further process affecting water retention potential was detected in this study. The high percentage of exchangeable sodium (Na ex ) observed on fields of Farms 3 and 5 can affect aggregate stability, cause a decrease in permeability and reduce water infiltration ability [36, 40] . Most likely the high amounts of Na ex on Farms 3 and 4 are caused as soils were affected by seawater. This process is particularly conceivable for the fields of Farm 4 (median Na ex 11.5%) ( Table 4 ) which are situated adjacent to the sea. Another process contributing to the Na ex enrichment may have been the use of seaweed as fertilizer during the Norseman period [66] . This enrichment process may have affected the fields of Farm 3 (median Na ex of 6.2%) because they are situated in the village of Igaliku and were already used by the Norseman [4, 32, 33, 67] .
The analyses of the soil characteristics revealed two major processes, namely soil acidification and nutrient leaching, which both pose a risk for landscape ecology under land use intensification and expansion. However, more detailed information on fertilizer application, yield, sheep stock number, nutrient leaching into water bodies and a higher amount of reference sites providing a better comparability of unused and used areas on farm level would be needed to make a distinct estimation on the concomitant effects of land use in southern Greenland.
Identifying the Most Suitable Areas
Agriculture in south Greenland already affects soil-and landscape ecology. Consequently, it is necessary to identify areas which show suitable soil conditions for expansion and intensification to guarantee sustainable land use in the future. Applying the SQI by integrating the measured physical and chemical soil properties into one index, enables an overall assessment of the soil quality. SQI values for both reference sites and farms are shown in Figure 4 . It is noteworthy that the fields belonging to Farm 3 show significantly (p < 0.01) the best soil quality, while the remaining farms with lower quality do not differ significantly amongst each other, the agricultural and the semi-natural reference sites. Analyzing the pattern of the calculated SQI ( Figure 5 ) reveals an interesting finding, which could help to identify suitable areas for agricultural use easily. According to the descriptions of Arneborg [32, 68, 69] , who performed archeological studies in Igaliku, most of the fields of Farm 3 were already used by the Norseman. The fields represent the "inner fields" or "homefields" of the Norseman in Igaliku (Figure 5b ) which were used for winter fodder production [32, 68] . A few fields at Farm 3 (301/325 and 302) and the northernmost fields of Farm 4 (402 and 403), which lie outside the stonewall confining the "inner fields", are close to former animal pens and have presumably been used as pasture [32] . This area coincides with the fields showing the highest soil quality index. No evidence for agricultural use such as irrigation channels or ruins has been found on the fields of Farms 1, 2, 5 and the remaining fields of Farm 4 [32, 68, 69] . These areas, which have presumably not been used by the Norse, show a significantly lower SQI (Figures 4 and 5) . The SQI differences appear to provide evidence that the Norse settlements were situated on areas which were either suited best for agricultural use or were improved by the Norseman, e.g., by manuring or algae application. Thus, a possibility to expand agricultural land use in southern Greenland would be to concentrate the expansion on areas which were already used during the Norseman period, or at least on such sites that show similar geo-ecologic properties. Even though the present cultivated area far exceeds the area cultivated by the Norseman, there are still areas which were used by the Norseman that lie unused today [70] .
Improvement of Soil Quality by Directed Measures
Soil acidification seems to be an obvious hindrance for a sustainable agriculture in southern Greenland. Liming acidic soils to balance acidification has already been recommended by Christensen, [55] and later by Krøjer, [64] and also by Høeg et al. [19] . Liming would also be indicated considering base saturation values (BS) ( Table 4) , which are classified, as "poor" or even "very poor" on all sampled fields [41] . Liming or the amendment of soluble soil calcium (gypsum) would also represent an accurate measure against sodic soils, which also affect the availability of plant water, replacing the sodium due to the more powerful electrical charge of gypsum [48] . Although the problem of soil acidification has apparently been identified several decades ago, our study as well as the literature [17, 19, 20] indicate that measurements to reduce it were not applied consequently.
The second problem, namely soil water supply during the growing season, could be addressed by irrigation systems, as used by the Norseman [32, 54, 68] , to reduce the variability in yield production. Several irrigation channels were already reestablished for the farming area within Igaliku, corresponding to the fields of Farm 3, in the 1960s [68] . However, facing more pronounced dry periods in the future requires further measures like for example soil ameliorations, which enhance the ability to store plant available water for example by increasing soil organic carbon. Further, adaptions to the increasing length of dry periods could include cultivating plant species, which are more adapted to dry soil conditions.
A further issue concerning the adaption to climate variability and sustainable land use is the increasing size of the farms. According to Hayashi [12] , the Greenlandic government introduced ordinances under the Home Rule Act of 1979, which made investments mandatory and thus made the small scaled sheep farming no longer viable. In the following, part-time farmers disappeared, while sheep flock size of the remaining farmers increased to keep their farms economically profitable. The number of sheep owners in Greenland decreased from 95 in 1982 (shortly after the Home Rule Act of 1979) to 48 in 2008 [12] . The Rambøll report states that a farmer needs at least 400 sheep to be able to make a living from it [11] . In contrast, in 1933, under self-sufficient side line farming, the number of sheep owners was 206, while flock size was mostly fewer than 100 sheep, the total number of sheep reached approximately 5000 [12] . The increasing farm size bears several risks. First, a bigger flock size infers higher use intensity than several small farms, because small farms are less centralized than one big farm. Big flock sizes also increase the risk of soil erosion, as land use, especially grazing may concentrate on smaller areas. Soil erosion due to overgrazing has been documented for several Norse settlements [7, 10, 33, 67, 71] and has also been mentioned as one of the reasons for the disappearing of the Norseman in 1450 [7, 33] . Today, the increased sedimentation rate in Lake Igaliku (see Figure 1 ) during the 20th century indicates an increased soil erosion rate within the study area [67] . Small scale, decentralized farming, grazing regulations and smaller flock size could help minimizing soil erosion, but would require political action aimed at soil protection and subsidies providing incentives for a sustainable agriculture. Re-cultivation and expansion of agricultural use may also infer the readiness of farmers to live and establish themselves isolated and far away from the next inhabited area, and to adapt agricultural use on the given natural resources and climate variability by running a more diverse and small scaled agriculture. Figure 6 schematically summarizes the presented hindrances for future land use intensification and expansion given by the soil and climate conditions. Possibilities to increase the potential for an agricultural development as well as the adaptions needed to guarantee that the agricultural development is sustainable are also outlined in the diagram. Finally, it highlights the risks for landscape and soil ecology. 
Conclusions
The study evaluated the conditions for agricultural land use in southern Greenland, focusing on the soil as the natural resource for food production. The results of this study illustrate three major findings. First, even though the study area around Igaliku is characterized by more favorable climate and partly more favorable soil conditions than other regions in southern Greenland, an increase of summer temperatures and the length of the growing season, does not automatically increase the potential for land use intensification and expansion. The main hindrance to expand or intensify agricultural use is given by the low nutrient status and the unsuitable soil texture, which affects the ability of soil to store water and nutrients. On the contrary, climate change with increased lengths of dry periods poses new risks for yield production, especially due to the mentioned unfavorable soil texture.
However, the SQI shows that, even though soil characteristics in general are not favorable, there still can be found areas that provide better possibilities for land use expansion. In the study area, these areas corresponded to those sites which were already used by the Norseman (980s-1450 AD). In the context of sustainable landscape ecology, it seems to be essential to focus land use expansion on areas that were used in medieval times.
Finally, the study revealed two major risks which can affect landscape ecology. The analysis showed a trend for soil acidification on the already acidic soils. Furthermore, the unfavorable soil texture poses a risk for nutrient leaching. To ensure a future sustainable land use, these two major problems should be addressed.
